Introduction or background: Crowdsourced R&D, a research methodology increasingly applied to medical research, has properties well suited to largescale medical data collection and analysis, as well as enabling rapid research responses to crises such as disease outbreaks.
Introduction
In 2003, Severe Acute Respiratory Syndrome (SARS) spread across continents in a matter of hours. 1 Similarly, in 2009, H1N1, or 'Swine Flu', and in 2012, 'Middle-East Respiratory Syndrome', or MERS-CoV, emerged. 1 To date, the recent Ebola outbreak has reached nine countries, with over 9000 deaths. 1 To counter a global microbial pandemic, a medical research response is needed. This response needs to occur in real time; notwithstanding the fact that the data needed for such a response might only be available after the start of the outbreak.
This review provides a perspective of a rapidly emerging body of theory and practice related to a method of knowledge aggregation which may also ultimately offer the potential for real-time medical research responses, namely crowdsourced research and development (R&D).
Crowdsourcing, which emerged as a concept <10 years ago, has been defined as 'the act of a company or institution taking a function once performed by employees and outsourcing it to an undefined (and generally large) network of people in the form of an open call', performed by individuals or collaborative groups. 2 Crowdsourcing, in the form of crowdsourced R&D, is already used in medical research for clinical data collection, 3 data analysis 4 and clinical trials, 5 as well as to crowdfund biomedical research. 6 Crowdsourced R&D relates specifically to the way the 'crowd', or large numbers of people, can be used to contribute knowledge inputs (and expert inputs in particular) to solve complex problems. Crowdsourced R&D is defined here as crowdsourcing specifically applied to research and R&D. For the purposes of this review, crowdsourced R&D is considered a 'methodology' or a set of 'methods' used to generate knowledge or source large data inputs in a way that addresses the problem of knowledge aggregation. This will be explained more fully in the sections that follow.
Crowdsourced R&D already has a rapidly growing presence in medical research [3] [4] [5] 7 and particularly in fast developing fields such as proteomics. 8 Newly emerged global pandemics are not the only problem that would require more timely responses from medical research. The rise of methicillin-resistant Staphylococcus aureus (MRSA), multi-drug-resistant Klebsiella, Escherichia coli, human immunodeficiency virus (HIV) and tuberculosis (XDR-TB) are examples of problems that medical research has not yet been able to solve. 9 Globally, bacteria, fungi, viruses and parasites are increasingly being found to develop resistance to current antimicrobial agents; for example, cephalosporins, the last line treatment for gonnorrhoea, has started to fail. 9 Microbes have also in some cases been found to be able to exchange genetic material and therefore traits for drug resistance. 9 The world faces a global crisis as drug development has plateaued; the rising costs associated with pharmaceutical drug development have revealed the shortcomings of closed models of innovation or 'in-house' R&D. 10 Technologies and systems associated with innovation face natural limits or the flattening out of their 'S-curves'; 11 some have argued that their closed models of innovation already face their natural limits or that a threshold limit has been reached, 12 and others argue that global innovation failure is imminent. 13 Academic research is also often not taken up by other researchers or practitioners, a situation termed the 'Death Valley' phenomenon.
14 An alternative, however, to closed models of innovation exists in the form of open innovation, 10 which offers the opportunity to transcend geographical or organizational boundaries in scientific and medical research. In the face of imminent threats of global pandemics such as Ebola, 1 and endemic microbial resistance, 9 current knowledge management theory is not providing medical research and practice with sufficient support, particularly in terms of the theoretical and practical tools needed to solve these types of problems. 12 In light of these challenges, this review attempts to make the following contributions. First, this paper provides medical practitioners and researchers a glimpse of novel developments associated with the emergence of crowdsourced R&D. Crowdsourced R&D has already demonstrated 'proof of concept' in areas such as protein folding, genomics data collection, AIDS research and different forms of drug development. 7 With its time, cost and efficiency advantages, the use of the 'crowd', according to this growing body of literature, may ultimately also offer the potential for 'real-time' scientific research which is less constrained by geographical or other barriers faced by conventional research processes. Second, this review offers medical practitioners and researchers the opportunity to build on what seems to be the emergence of a 'new paradigm' of knowledge management, relating to the way knowledge creation might, under certain conditions, be accelerated to support real-time medical research. Lessons are derived from the emergence of a novel concept, namely 'probabilistic innovation', 12 which relates to the way large numbers of contributors can increase the probability of solving problems. The review is structured as follows. First, crowdourced R&D is located in relation to its constituent, or related, literatures. Next, sources of data relating to crowdsourced R&D and its potential contribution to medical research are considered, and the rationale for the selection of sources is outlined. Areas of agreement in the different literatures are then considered, and areas of controversy are discussed. Growing points in the literature are then addressed, and finally, areas for timely research are identified.
Crowdsourced R&D, with its special focus on expert R&D inputs and large-scale data sourcing, builds on a large body of literature. Examples of this literature include the following. Citizen science (CS) is a methodology that enlists the public and an inclusive set of stakeholders in gathering scientific information; it is particularly well suited to broad scope data collection requiring very large quantities of data (for example, epidemiological research into disease outbreaks in birds). 15, 16 Expert-citizen engineering, or citizen engineering (CE), applies information technology to 'collaboratively solve real-world problems through massive cooperation . . . to effectively leverage the "wisdom of crowds"'. 17 Public participation in scientific research (PPSR), with roots in conservation and natural resource management, enlists the public in scientific research; it is particularly concerned with legitimacy advantages of large-scale participatory involvement in research. 18 Communitybased participatory research (CBPR) has a successful track record in medical research in areas such as substance abuse and epidemiological tracking as well as HIV prevention, care and treatment, particularly in community contexts. 19 Participant-led research (PLR), which also has a record of success in medical research (for example, research into lithium effects on amyotrophic lateral sclerosis), prioritizes accelerated discovery and real-time data tracking through social media and community engagement. 20 The contribution of these fields as constituent dimensions of crowdsourced R&D is in the way large data or volumes of inputs are used to increase the probability of research problem solving, a form of 'probabilistic innovation'. 12 
Sources of data
A diverse range of literature was reviewed to develop this paper. The sources were segmented according to the following rationale. First, sources were reviewed that provided evidence of the scope and nature of the problem addressed in the paper. Second, literature was reviewed that relates to 'proof of concept' or examples of the contribution of crowdsourced R&D to scientific and medical research currently. Third, given that crowdsourced R&D is already established as a form of research problem solving in medical research, the sampling of the theoretical literature sought to deepen an understanding of the future potential of crowdsourced R&D in medical science.
Areas of agreement
Problem solving is a primary task of all academic fields with practitioner interfaces. There is agreement across different fields, which is reflected in a rapidly growing body of literature, that the use of the crowd to solve problems is a powerful tool and that knowledge of its applications in different fields is increasingly important. 12 There is agreement across the literature that crowdsourced R&D has demonstrated proof of concept as a problem-solving methodology 2, 21 and particularly so in medical science. 7, 8, 22 The successes of open-source software (OSS) applications, such as Linux, and web browsers, such as Mozilla Firefox, demonstrate how the knowledge aggregation problem (sourcing and linking knowledge across organizational or geographical boundaries) can be overcome by the crowd, and how open-source software has been able to compete with software developed using closed models of innovation or developed 'in-house' by private firms.
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Historical examples of the use of the population (the crowd) to solve problems include the Alkali Prize (1783) for the separation of alkali from salt, the Longitude Prize for solving the maritime navigation problem (1714), 21 the discovery of margarine and the Orteig Prize for the first flight between New York and Paris. 24 This tradition is echoed in the contemporary growth of the innovation literature and its increasing focus on crowdsourced R&D to solve problems. 24 Other examples include the use of the crowd to solve problems spanning from applications in geophysics, t-shirt design, 25 crowdfunding 26 and social innovation. 27 Crowdsourced R&D is increasingly being used as a methodology to support medical research. 7 Applications include its use for the recruitment of individuals for medical trials, and the use of medicine 2.0/ health 2.0 initiatives to enable individuals to participate in their own health care. 22 An advantage is the 'near-immediate speed at which medical findings might be tested and applied'. 22 Crowdsourced R&D is successfully being used to collect data for personalized medicine applications and for collecting genomics data; 28 a unique advantage of this is the ability of humans to process data that is ambiguous and imprecise, an advantage that computer data collection cannot match at this time. 7 Crowdsourced inputs are used to identify cancer cells, 3 and researchers at the University of Washington have used game players to fold protein molecules, and in doing so have discovered the architecture of a retroviral protease, making a significant contribution to HIV research. 29 The potential for real-time medical research is clear from this example: scientists had been working on this area for decades, and this discovery resulted from only 3 weeks of work. 29 Another example is Phylo, a crowdsourced R&D platform, that uses gamification (in the form of a puzzle game) to solve problems in genetic disease research. 28 Given the shift to a 'large molecule' protein-based era of medical research (which has supplanted the 'small molecule' chemistry era) 30 and its increasing complexity, these applications of crowdsourced R&D offer a useful complement to other medical research methodologies. In a global context in which private in-house R&D 13 as well as academic research 14 is constrained, crowdsourced R&D might, as a complementary methodology, ultimately offer hope for the development of a real-time medical disaster management knowledge management system, over and above its present contribution to medical science. Notwithstanding the growing impetus of crowdsourced R&D in the scientific and medical fields, its emergence has also brought focus to other issues on which the literature offers less agreement. These are considered as follows.
Areas of controversy
The extension and application of theory and practice from different fields to the medical field are not without their challenges. A body of literature 12, 33, 34 suggests a host of constraints to the uptake of scientific research, particularly when interdisciplinary boundaries exist. The historical case of Semmelweiss, who attempted to introduce sterilization in surgical procedures, illustrates the power with which innovations in medical science can be resisted. 12 Notwithstanding these challenges, however, the medical literature is clear on the threats posed by, firstly, new pandemics, 1 and, secondly, microbial resistance to medicines 9 as examples of problems requiring innovations. In the face of such overriding threats, the necessity to draw on alternative methodologies such as crowdsourced R&D can hardly be refuted. Further, crowdsourced R&D is already established in medical science; it is just the extent to which it is used, and its application to real-time research problem solving that is perhaps not yet fully appreciated. Another important area of controversy, however, relates to ethics and quality issues with crowdsourced R&D. Issues of potential bias, data quality and scientific validity are challenges associated with crowd-based medical research. These require effective mechanisms of ethical oversight. The case of uBiome, a citizen science crowdfunded project mapping the microbiome, offers examples of these issues, including challenges in obtaining Institutional Review Board (IRB) approvals. 35 Crowdsourced inputs can typically be skewed towards irrelevant issues; mechanisms are needed to support quality control, accountability and coordination. 20 Oversight criteria, therefore, need to be developed for crowdsourced R&D and implemented. 20 Data quality and issues of bias are of particular concern for PPSR, which draw guidance from the post-normal science movement 18 which seeks to enhance legitimacy through engaging ever-growing numbers of participants in the quality assurance of scientific inputs, particularly under conditions of scientific uncertainty. 36 Quality assurance in less complex crowdsourced work is easier. Crowdsourcing platforms such as Amazon Mechanical Turk develop trust and quality ratings for contributors, measuring item agreement and using worker trust algorithms. 37 In contrast to work on low-skilled crowdsourcing platforms, collaborative approaches, for example the development of Wikipedia, elicit contributions from self-motivated experts, and quality control is conducted as a mutual process by contributors themselves. 38 For rapid quality-oriented development of large-scale crowdsourced projects, techniques such as games with a purpose (GWAP) have demonstrated success, for example in image tagging and languagerelated tasks (such as PhraseDetective). 38 It needs to be acknowledged, however, that the rapid development of crowdsourcing has brought to light other ethical and quality issues; much lowskilled crowdsourced work has supplanted salaried work, a process akin to offshoring, and is also used for cost cutting, over 60% of the activity on Mechanical Turk originates in India. 38 Explicitly ethical crowdsourcing platforms do exist, such as Samasource, which for example undertakes the training of disadvantaged individuals and pays for specific tasks, such as SMS translation following the Haiti earthquake. 38 Although related more to crowdsourcing than crowdsourced R&D, these issues are relevant as not all crowdsourced R&D will in future be expert in nature. Some have argued that crowdsourced R&D is itself a response to quality and ethics issues in scientific research. Increasingly open and wider review of research projects, data and published scientific work is a growing trend, in response to an urgent need for greater transparency in how scientific evidence is generated, for lower costs and quicker conversion of research. 20 Further, inclusivity and public engagement are increasingly applied in quality control of certain scientific research; 18 and some have argued for crowd-based assessment of scientific quality and ethics review. 20 Having considered areas of controversy related to crowdsourced R&D, a perspective of the theoretical literature is now offered, to illustrate the potential of crowdsourced R&D it predicts.
Growing points
The rapid growth in practical applications of crowdsourced R&D (and of its potential as a growing source of data collection and problem solving for medical research) needs to be understood in terms of theory to derive guiding principles for its further development. Theory is required to manage increasing congestion and complexity, given the larger volumes of data and problem-solving inputs elicited by effective crowdsourced R&D systems. Certain of the theoretical frameworks which underlie crowdsourced R&D are shown in Table 1 . The success of InnoCentive, and its processes of crowdsourced R&D in solving certain problems that R&D laboratories cannot, has been ascribed to the way it acts as an open innovation market. 23 Characteristics 40 and speculative markets are typically relatively accurate at predicting a range of different outcomes through their actions as information aggregation mechanisms; indeed, some have argued for the use of speculative markets as models of prediction alone. 41 Other theory relates to how innovators can overcome the knowledge aggregation problem through user-driven innovation. 42 Given the challenges of sourcing high volumes of incoming data and problem-solving inputs, congestion theory may also offer useful principles. 43 Theory relating to collective intelligence may offer further insights into the potential of crowdsourced R&D, particularly at the nexus of collective intelligence and systems theory. Systems that exhibit chaotic dynamics at the individual level have been found to sometimes have stable solutions emerge at the collective level. 44 A deep understanding of the 'systems' characteristics of a crowdsourced R&D knowledge system (under conditions of congestion associated with sourcing high volumes of data and knowledge inputs) is important to attain economy of scale advantages as well as effective coordination. 45 Social/economic systems share characteristics with weather systems, ecologies, biological systems, immunology systems, brain activity and other biomedical systems. 46 Swarm intelligence theory offers further insights into how crowds of social insects solve complex problems, including achieving complex architectural feats such as the coordinated construction of 'biological skyscrapers' or of complex structures. 47 Stigmergy is a term used for the way individual insects coordinate themselves and respond to signals from the problem space while having no evident central decision-making capacity. 47 In a process that can perhaps be taken to be analogous to stigmergy, human work has become hyperspecialized or atomized into increasingly specialized sub-components of tasks, which are increasingly well suited to being coordinated within crowdsourced work. 48 Task decomposition, micro-tasking as well as the use of expert flash-teams (teams that immediately selfcoordinate and self-organize to take on flexible organizational structural configurations) are well suited to expert crowdsourcing work. 45 Future research might do well to seek answers to coordination challenges of crowdsourced R&D within these bodies of research. Evolutionary theory offers further perspectives of how crowds can solve problems; computational approaches to protein engineering in medicine are an example. 49 To date, these processes have been particularly effective in modelling immune system effects as well as economic markets, ecological systems and the interactions between evolution and learning, yet have also been shown to demonstrate the way cooperation can evolve in systems 50 as a global structure in a host of different contexts. 44 Relevant to crowdsourced R&D, what these bodies of theory have in common is their focus on emergent properties of crowd behaviour and how knowledge is aggregated or managed for the purposes of problem solving.
Areas timely for research
Theoretical frameworks relating to the structure of work are increasingly adapted to crowd work, based on notions of workflow, task assignment, hierarchy, quality control and real-time responses to knowledge problems, 49 as well as applications from artificial intelligence. 51 Further research is required, however, particularly in two areas. Firstly, theoretical research is needed to better derive causal relationships and principles that predict how the crowd, or large numbers of problem solvers, can better (i) be coordinated in problem solving and (ii) apply the structure of work (including medical research tasks) to support practical tasks in crowdsourced R&D. This will undoubtedly require more transdisciplinary research and further 'cross-pollination' of theoretical frameworks. Although crowdsourced R&D platforms (and methodologies) such as InnoCentive have demonstrated time, cost and effectiveness advantages in scientific and medical R&D, 23 more research is needed to be able to increase the scale of this, as private platforms will typically under-invest in socially desirable output. 52 An important challenge for further research is perhaps, therefore, the issue of how to fund non-profit crowdsourced R&D so that the positive externalities it offers can be captured and immediately shared in a way private R&D cannot.
Recent advances, such as the development of teixobactin 53 and hoped-for developments based on biologics and gene-based biologics, as 'source fields' for progress 54 offer exciting areas for further research on applications of crowdsourced R&D.
Conclusions
The objective of this review was 3-fold. First, a clear and imminent threat (in the form of a global pandemic and other medical challenges) was highlighted, and a research problem was identified, namely the need for real-time research problem solving in medical and scientific research. Although crowdsourced R&D may not currently be able to solve these types of threats, it was argued that many of its properties offer useful applications towards this ultimate goal. Second, an argument was derived from the literature that crowdsourced R&D as a novel methodology may complement existing systems of scientific and medical research problem solving due to certain of its characteristics, which are well suited to sourcing large-scale data and expert problem-solving inputs. Third, different theoretical frameworks were introduced to provide a sense of the depth of the theoretical literature which suggests that, as a methodology, it shares commonality with the workings of other crowd-based phenomena, including markets, swarms of social insects and evolutionary mechanisms. It is acknowledged that such a review cannot do justice to such a large body of theoretical literature, but on the basis of this research, it is argued that crowdsourced R&D can be an effective complement to other medical research methods and might possibly offer some hope in the quest for progress towards real-time research productivity.
